Magnetic surveys are quite successful at locating buried steel objects, including unexploded ordnances. However, many of the anomalies apparent in a magnetic image of a contaminated area are from metallic debris, shrapnel and geological variations in ferromagnetic concentration. Methods to discriminate between UXO's and clutter are required to expedite clearance efforts. Anomalies from buried ordnance are essentially dipolar due to the rapid full-off with distance of higher order poles. This means that, in most cases, we can only recover the dipole moment of a buried item. Consequently, we have developed a three stage procedure for ordnance discrimination and identification. The first stage consists of a local gradient based inversion for the dipole location and magnitude. The second stage uses the recovered dipole moment and relies on partial or complete shock demagnetization when the ordnance strikes the ground. Any remnant magnetism is erased and the direction of induced magnetization is constrained to lie within about 60 o of the Earth's field. We apply the method to 822 anomalies excavated in the Helena Valley, Montana and find that we can identify all ordnance items and leave almost 50% of non-UXO's in the ground; a significant cost reduction.
Introduction
Magnetic surveys have been one of the most successful techniques used for locating buried unexploded ordnances. The magnetic field around an ordnance item is distorted by the ferrous material in the steel casing of the ordnance. Magnetic anomalies also arise from shrapnel and other ferrous debris in an area, as well as from geological variations in ferromagnetic materials. Discriminating between these uninteresting items and intact UXO's is recognized as a major challenge for efficient clean-up of contaminated areas.
Several years ago Altshuler (1996) noted that the direction of induced magnetization in typical ordnance items is constrained to lie within about 60 o of the Earth's field. This fact was utilized by Nelson et al. (1998) for ordnance discrimination with some success. In this paper, we further investigate this technique for discrimination, and extend the analysis to the issue of ordnance identification; i.e. we attempt to classify the ordnance type of each UXO.
Prolate spheroids are good approximations to the shapes of many ordnance items and consequently have found extensive use in the magnetic modelling or UXO's (McFee, 1989; Altshuler, 1996) . Close agreement between observed anomalies over test stands and spheroid fits have been demonstrated by McFee (1989) and Butler et al. (1998) . Furthermore, the magnetic anomaly from a solid spheroid has been shown to be very similar to a hollow spheroid (Altshuler, 1996) . Therefore, we will use solid spheroids as the basis of our magnetic modelling of UXO's.
Full characterization of the anomaly caused by a spheroid requires the Earth's field plus the following eight parameters; location (x, y, z), orientation (dip angle below horizontal θ and azimuth angle clockwise from North φ), dimensions (diameter a and length L = ae, where e is the aspect ratio or eccentricity of the spheroid) and magnetic permeability, µ.
For the Earth's field we use geographical coordinates; B o = (B ox , B oy , B oz ), i.e. x is positive to the East, y is positive to the North and z is positive upwards. Note that this differs from the definition used to specify the International Geomagnetic Reference Field (IGRF) where x is positive to the North, y is positive to the East and z is positive downwards.
Magnetic Field of a Spheroid
The magnetic anomaly of a buried ferrous item arises from both remnant M r and induced magnetization M in ; the total magnetization M is then
Remnant magnetism is present even in the absence of an inducing field and is due to magnetic moments being locked into alignment once the steel casing cools to below the Curie temperature in the presence of an external field. Induced magnetism arises because magnetic domains in a ferrous material tend to align with the direction of the Earth's field. The ease with which the moments align, and hence the strength of the magnetism, depends on the magnetic permeability of the steel. For a compact body such as a spheroid, demagnetization effects become important. This phenomena refers to the extent that the induced field is reduced due to the shape of the spheroid. It arises due to the boundary conditions that the field must satisfy across a discontinuity in magnetic permeability. A solution of the boundary value problem (Stratton, 1941) shows that the demagnetization factors are
where µ r is the relative permeability (µ = µ r µ o ), and α 1 = α 2 and α 3 are dependent on the ratio of the spheroid length to diameter, e. We assume the spheroid's semi-major axis is along the z or 3-rd coordinate direction. Once the relative permeability exceeds a few hundred, the induced magnetization becomes virtually independent of permeability. This can easily be seen from Equation 2 with large µ r because then F i ≈ 2/α i . This allows us to eliminate µ r from our calculations because steel typically has relative permeabilities of several hundred.
The demagnetization factors together with the Earth's fieldB o (in spheroid centered coordinates), determine the strength of the induced magnetization,
where we have written F as a 3×3 diagonal matrix with (F 2 , F 2 , F 3 ) along the diagonal (remember F 1 = F 2 ). An important consequence of self-demagnetization is that the induced magnetism can change significantly with orientation. For instance, with e = 4 we find F 2 = 2.1 and F 3 = 12.7 so that the magnetism when the spheroid semi-major axis is aligned with the field is around 6 times greater than when it is perpendicular. Equation 3 returnsM in in spheroid centered coordinates and assumesB o is also spheroid centered. To use geographical coordinates we utilize the Euler rotation tensor
to rotate B o to spheroid centered coordinates and then use its inverse A T to rotateM in to geographical coordinates,
With this uniform magnetism the magnetic field of the spheroid can be calculated exactly using prolate spheroidal harmonics (Stratton, 1941) but we chose to use a multipole expansion; the details can be found in McFee (1989) . The first non-zero moment is the dipole m which is given by
where V is the volume of the spheroid. The magnetic field from the dipole term is then
The octupole is the next non-zero moment and is a rank 3 tensor with 27 components. Symmetry reduces the number of independent components to 6. The specification of the octupole term is quite complicated, so we just note that its field dies off as r −5 (McFee, 1989) . The rapid falloff of the octupole term with distance means that once the sensor distance exceeds a few body lengths, the field is essentially dipolar. Considering that real magnetic profiles are contaminated by noise, observing the octupole response in the presence of the dipole response will generally be very difficult. It may be possible when the sensor is very close to the ordnance, or when the noise levels are low and the spatial positioning extremely accurate. We now examine the consequence of the dipolar nature of the observed fields on both discrimination and identification.
Discrimination Using Magnetometry
The dipole moment of a sphere is constrained to lie in the direction of the applied field. On the other hand, the angle the induced dipole moment of a spheroid makes with the Earth's field will vary with its orientation. Not surprisingly, the maximum angle is bounded and dependent on the shape of the spheroid (Altshuler, 1996) . For ordnance items up to an aspect ratio of 7, the angle between the dipole and Earth's field never exceeds 55 o (in the absence of remnant magnetism). When an ordnance hits the ground but does not explode, the force of impact causes magnetic domains within the ordnance to become randomly aligned, thus erasing any remnant magnetization (shock-demagnetization). On the other hand, when the ordnance explodes, the shrapnel is heated and deformed so that it may acquire permanent magnetism. Consequently ordnance should not usually have a dipole moment that exceeds an angle of 60 o from the Earth's field (allowing for a small amount of remnant magnetization). The success of this method of discrimination in reducing false alarms has been demonstrated in Nelson et al. (1998) . However, they did note that subsequent events (such as lightning strikes) can cause the ordnance to acquire a remnant magnetization and hence degrade the performance of the discrimination method.
Ordnance Identification Using Magnetometry
We now turn to the issue of identifying ordnance items from their dipolar field. For a given spheroid, the induced dipole moment will be dependent on the angle θ that the spheroid axis makes with the Earth's field. There is no azimuthal dependence due to the spheroid's symmetry. By varying the orientation θ we are able to trace the change in dipole magnitude and angle with respect to the applied field. Figure 1a shows these curves as polar plots for six different ordnance items; a 60 mm mortar, 76 mm projectile, 81 mm mortar and 90, 105 and 155 mm projectiles. Fitting a dipole to observed data will produce a single point in this polar plot that needs to be matched to an ordnance item. The curves for the 76 mm projectile and the 81 mm mortar are very similar, indicating that discriminating between these items may be difficult. Further, certain orientations lead to identical dipole moments for different ordnance items. The analysis in the last paragraph indicates that there can be ambiguity in identification using magnetometry. It can be shown that for a given spheroid at a particular orientation, there are an infinite number of other spheroids that could have produced the same dipole moment. For example, Figure 1b shows the family of spheroids that can produce the same dipole moment as a 81 mm mortar orientated at 45 o to the Earth's field. The folding over of this curve to encompass spheroids of larger dimension means that 90 and 105 mm projectiles can produce similar dipole moments. There is also a family of oblate spheroids that could produce the same dipole moment; as could objects of different shapes. This inherent ambiguity has a significant impact on the methods we develop for ordnance classification in the remainder of this paper.
Inversion Method For Parameter Estimation
The previous section demonstrated that, in many situations, it would be difficult to recover more than the dipole component of a spheroid's magnetic anomaly. Therefore, rather than attempting a direct inversion for the spheroid location and dimension, we apply a two-step procedure:
1. Invert for the best-fitting dipole moment and location; 2. Use the recovered dipole moment for discrimination and ordnance identification.
Due to possible difficulties in properly removing the regional and local geologically derived fields from a magnetic survey, we also allow for a dc-shift in our dipole model; this means that seven parameters are required to characterize each anomaly; p = (x, y, z, m x , m y , m z , d). We formulate the inverse problem as a weighted, least-squares optimization procedure where the objective function is
where F (p) is the forward model that produces the predicted data, d obs is the observed data and C is the covariance matrix of the errors (or the data-weighting matrix). We assume independent, gaussian errors, so that the covariance matrix is diagonal with entries C ii = 1/σ 2 i . The objective function may then be rewritten as
where r i (p) is a normalized residual at the i-th datum with a total of N observations.
Solution of the Inverse Problem
We use a local optimization routine based on an interior reflective Newton method (Branch et al., 1999) . We do not give any details of the algorithm here, and just note a few important implementation issues.
Bounds on Model Parameters
The Interior-reflective Newton Method allows bounds to be placed on the model parameters and we use −2 < x < 2, −2 < y < 2 and −4 < z < 0.
Starting Model
Due to the possible presence of local minima it is important to obtain a good first guess of the model parameters. To achieve this goal, we use the approach of McFee and Das (1986) , whereby the dipole parameters are analytically obtained from the z-component of the vector field. Typically, the data available comprise the total-field and we first need to estimate the z-component. Most anomalies from ordnance have peak amplitudes of less than 1,000 nT, whereas the Earth's field is on the order of 50,000 nT. The anomalous total field ∆B T is then approximately,
where α = (α x , α y , α z ) is a unit vector in the direction of the Earth's field and the vector magnetic anomaly is ∆B = (∆B x , ∆B y , ∆B z ). Almost all of the continental USA and Canada has inclinations exceeding 60 o so that α z > 0.85 and to a first approximation, ∆B z ∆B T /α z . In regions where the z-component of the field is not so dominant, ∆B z can be obtained from ∆B T using well known Fourier transformation techniques (Blakely, 1996) .
Data Weighting Matrix
For the least-squares data fitting, we weight each data-point d obs i , with an estimate of the standard deviation at that point, σ i , through the diagonal covariance matrix,
The parameter γ is a percentage error that down-weights the influence of large data values; typically we chose 1% ≤ γ ≤ 5%. The parameter ensures that the denominator in the above equation does not get too close to zero when d obs i approaches zero; typically we choose ∼ 1 nT.
Model Parameter Scaling
If 
Application of the Inversion Method
Currently, the inversion algorithms comprise part of a GUI driven toolbox for geophysical processing developed at The University of British Columbia. Anomalies are first identified in a data-set using a combination of automatic and manual interpretation. Then, the inversion algorithm is applied to a user specified area about each anomaly (typically around 2 × 2 m 2 to 3 × 3 m 2 ). The algorithm is terminated when the objective function decreases by less than a specified tolerance, or when the gradient falls below a specified value. Both these parameters are user controlled.
The Guthrie Road, Montana Dataset
Once open fields, portions of the Helena Valley were used in the 1950s for military training by the Montana Air National Guard (MTARNG). The National Guard Bureau funded a remediation project which was divided into two phases focusing on different impact areas: Diamond Springs and Guthrie Road. We consider the data collected in the Guthrie Road area in the summer of 1998. Geophysical Technology Limited (GTL) of Brisbane, Australia, conducted a magnetometer survey of the area using an all-terrain vehicle towing an array of eight cesium vapor magnetometers (Clark et al., 1999) . The system was equipped with a real-time global positioning system that allowed anomalies to be relocated to within about 20 centimeters.
GTL found 840 anomalies that were tagged as potential UXO, and these were excavated in the summer of 1999. We analyze 822 of the anomalies (we couldn't locate the data for the remaining 18 anomalies). Table 1 partitions the dig-sheet identifications into six categories; 76 mm ordnance, 81 mm mortars, large pieces of ordnance, shrapnel, metallic debris and geology (including anomalies where no metallic items were found).
We fitted dipole moments using a percentage error of γ = 5% and a base error of = 1 nT . The entire run of inversions took less than half and hour on a fairly standard desktop All items  34  49  19  217  377  126  822  Failed fits  0  1  1  13  41  29  85   Table 1 : Number of items found during excavation, and the number of fits with c < 0.7 computer (Pentium Pro Processor with 800 MHz processor and 1 Gb RAM). We use the correlation coefficient c between fitted and observed data to determine the goodness of fit. We found that 85, or around 10% of anomalies had fits with c < 0.7 and 162, or around 20% had c < 0.8. A break-down according to the dig-sheets of the failed fits is given in Table 1 . Most of the failed fits are from items identified as shrapnel, geology or metallic debris, with only one ordnance item having a failed fit. We did not visually inspect every failure, but those we did inspect generally had some type of data issue. These included overlapping acquisition lines that we couldn't remove without undue effort; levelling problems between adjacent lines; and overlapping or non-dipolar anomalies.
mm 81 mm Large pieces Schrapnel Metal Geology Total

Ordnance Discrimination
The last section described how dipole moments and position are fit to each anomaly by our inversion routine. If the data-fit is unsatisfactory the anomaly is marked as such and in a production clean-up would be excavated as potential UXO. On the other hand, if the fit is satisfactory we attempt to use the recovered dipole moment to discriminate UXO's from non-UXO's. For those items classified as UXO the additional step of ordnance identification is attempted as described in the following section.
With a recovered dipole moment of m, our discrimination routine is to calculate the angle between it and the Earth's field, B o . Depending on how aggressively we want to discriminate, we specify a maximum angle and then flag those anomalies with greater angles to be non-UXO. All other anomalies are assumed to be UXO.
The Guthrie Road, Montana Dataset
In Figure (2a) we give a normalized histogram of the angles for the different categories of items. There is a clear concentration of ordnance with dipole angles close to the Earth's field (we include the significant sized ordnance fragments in this category). Shrapnel tends to have relatively low angles, but there are a significant number of items with larger angles. This seems to indicate that shock demagnetization sometimes occurs with shrapnel but not always. Metallic debris and geological anomalies can have significant remnant magnetism, with a definite peak in the distribution between 60 o and 100 o . The results of discrimination using different cut-off angles, for intact ordnance items are given in Table 2 . The tables give the number of items to dig (including the 85 anomalies with poor fits), the number left in the ground, the ordnance found, the ordnance left and the number of false alarms. With a cutoff angle of 75 o we can leave 217 items in the ground (26% saving) and still find all the ordnance. If we are prepared to miss one item, we can use a cutoff of 65 o and leave 300 items in the ground (36% saving). This discrimination method also results in all 20 large ordnance pieces being excavated.
Many of the dipole fits for shrapnel and metallic debris have moments with low magnitude (Figure 2b) . None of the intact ordnance items has a dipole magnitude less than 0.05 A/m. However, seven of the large ordnance fragments have dipole moments less than this value. The results 55  449  373  79  5  371  60  485  337  82  2  404  65  522  300  83  1  440  70  553  269  83  1  471  75  605  217  84  0  522   Table 2 : Guthrie Road discrimination results for intact ordnance items. Discrimination used the dipole angle only.
Angle Dig Leave Ordnance found Ordnance missed False alarms
of rejecting items as non-ordnance based on the dipole magnitude (as well as a cutoff angle of 75 o ) are summarized in Table 3 . With a dipole cutoff of 0.05 A/m no intact ordnance items are missed and we can leave 379 items in the ground (46% saving). If we make the reasonable assumption (for this area) that the smallest item likely to be found is a 60 mm mortar, the 0.05 A/m cutoff is quite sensible; the minimum anomaly from a 60 mm mortar is around 0.055 A/m. Using the 0.055 A/m cutoff does result in 7 large ordnance pieces being left in the ground. To locate all of these a threshold of 0.02 A/m is required at which point we have to dig 597 anomalies.
We try one additional discrimination method. This requires specification of the ordnance items likely to be found in the area. We then calculate how much remnant magnetism is required to make the recovered dipole moment match the dipole moment from one of the ordnance items. The method is described in more detail in the next section. This discrimination method does not apply to large ordnance fragments as these are not considered in our modelling.
We assume that there are only six possible ordnance items; 60 mm mortar, 76 mm projectile, 81 mm mortar, and 90, 105 and 155 mm projectiles. The results of increasing the amount of remnant magnetism are summarized in Table 4 . Note, the we also incorporate the angle constraint (< 75 o ) and the magnitude constraint (> 0.05 A/m). By allowing up to half of the dipole anomaly to be due to remnant magnetization, we can identify all ordnance items and leave 407 anomalies in the ground (49.5 % saving). 
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Ordnance Identification
For those anomalies classified as potential ordnance, the next step is to try to identify the ordnance type. We established earlier in the paper that a given dipole anomaly could have been produced by an infinite number of spheroids (Figure 1b) . However, for any given site, there are only a finite number of ordnance types that are likely to be found. This is the key observation that allows us to identify ordnance type in the presence of ambiguity.
The dipole induced in a spheroid depends on the angle between the spheroids semi-major axis and the Earth's field. There is no azimuthal dependence due to symmetry. As the ordnance is rotated about the Earth's field the induced dipole moment will trace out a curve such as those shown in Figure (1a) . The curve represents all dipole moments that can be produced by the given ordnance item in the absence of remnant magnetism. This mapping procedure can be repeated for all ordnance items suspected of occurring in the area. With N o ordnance items, a series of curves, {m k (θ), k = 1, . . . , N o }, will be generated. For a particular recovered dipole moment m, we calculate the minimum distance between it and each of the dipole curves
We assume that any discrepancy is due to remnant magnetism which, as a percentage of the observed moment, will be γ k = 100∆m k / m . This allows us to rank the ordnance items according to the likelihood they produced the observed anomaly. The most likely item is that with the lowest percentage remnant magnetism. We now apply our dipole identification procedure to the Guthrie Road inversions (Figure 3 ). In 19 out of 34 occasions (56%) the 76 mm projectiles were correctly identified. Ten items were incorrectly identified as 60 mm mortars. For the 81 mm mortar, 29 of 49 items (59%) were identified correctly with 13 items incorrectly classified as 76 mm projectiles. These results are excellent given the similarity in the dimensions of the 76 and 81 mm ordnances. In fact, if we assume there are only 76 and 81 mm ordnances, the 76 mm projectiles are correctly classified almost 80% of the time, and the 81 mm mortars 65% of the time. Due to our inability to achieve perfect discrimination, anomalies from shrapnel, metallic debris and geology are also identified as ordnance (Figure 3b ). The most frequent identification is as a 60 mm mortar with 124 occurrences from a total of 229 items (54%).
Discussion
We have developed a robust inversion procedure for recovering the dipole component of an items magnetic anomaly. We showed that this dipole can be successfully used for UXO discrimination and identification purposes. In particular, almost 50% of anomalies could have been left in the ground at Helena Valley with 100% recovery of intact ordnance. Such successful results may not always be obtained with magnetics as demonstrated by Nelson et al. (1998) , and the experiences on Kaho'olawe Island, Hawaii. The success of our method depends on total, or at least partial, shock demagnetization; this may not always occur for all ordnance types under all situations. For example, mortar rounds landing on soft ground and hand grenades, may not experience sufficient force on impact to cause demagnetization. Further work is required to better characterize the performance of the methodology in different areas, with different ordnance types and training scenarios.
Shrapnel, metallic debris and geology can also produce magnetic anomalies that are indistinguishable from ordnance. In the absence of information on object shape from higher order poles, there is no reliable way to discriminate anomalies from these objects in such cases. Given the practicalities of geophysical survey in often difficult terrain and noise limitations of current sensors, it is unlikely that such information could be easily obtained in the near future.
Self-demagnetization results in a significant variation in the induced dipole moment of an ordnance item depending on its orientation relative to the Earth's field. This results in an infinite number of ordnance like objects that can produce a given recovered dipole moment. There are also an infinite number of objects of virtually arbitrary shape that could have produced the same anomaly. Restricting this infinite space to a finite set of ordnance items is the key to successful classification. The 60% success rate for the items in the Helena Valley validates our identification methodology based on the minimum required remnant magnetization.
